Abstract. High ground vibrations not only adversely affect the integrity of the structures in a mine area but also create inconvenience for the nearby population. In order to protect the Sanyou Mine slope in Tangshan, China from blasting vibration, the peak particle velocity in step topography must be accurately calculated. At present, the reflection coefficient of the stress wave at free interface is not considered in the equation for calculating the peak particle velocity in step topography. Therefore the accuracy of the peak particle velocity calculation is decreased in the side direction when the reflection coefficient changes. In this study, a 3D finite element analysis was employed for modeling of the blasting vibration. A series of field-testing experiments was conducted to measure the peak particle velocity. Then the reflection coefficient of the stress wave was calculated. Based on this, the principle of the peak particle velocity in step topography was explained. In addition, the application range of the equation in step topography was determined and a new equation for peak particle velocity calculation in step topography is proposed based on the numerical simulation analysis and field-testing experiment.
Introduction
In recent years, ground vibration has become a popular research topic due to the growing construction close to vibration sources and the attentiveness of people to their living conditions. For example, vibrations caused by the passage of a train near buildings play an important role [1] . In addition, ground vibration in urban areas due to tunnel excavations seriously affects the structures built on the ground [2] . The ground consumes explosive energy that is applied for rock fracturing. The intensity of the vibration plays a critical role in all kinds of adverse effects. High ground vibrations not only adversely affect the integrity of structures in the mining area but also create inconvenience to the nearby population. In some cases they provoke the population, which can lead to the closure of a mine. High intensity vibration also damages the groundwater and harms the ecology of nearby areas. Blast-induced ground vibration has a detrimental effect on structures such as buildings, dams, roads, railroads, natural slopes, etc. If ground vibration is not controlled or minimized, it may cause deforestation in the future because of changing the groundwater level, creating landslides, soil loss, etc. [3] . Ground vibration may damage the free face and generate back breaks [4] . Back breaks can create problems while drilling the next blast round and generate over-sized boulders [5] . This adversely affects the economics of the mine, hampers production and endangers the economic development of the surrounding area. Hence, it is important to measure and control blasting vibration with great accuracy [6] .
The study of blasting vibration propagation in step topography is an important basis for engineering blasting design and peak particle velocity calculation. In this field, the Sadaovsk equation is widely used. Using stress wave theory, Wenbo Lu improved the peak particle velocity attenuation equation [7] . Yunzhang Rao calculated and analyzed the peak particle velocity attenuation law by SPSS software [8] . Tao Lu used a nonlinear fitting method to analyze the parameters of the peak particle velocity attenuation equation [9] . Jianhua Hu studied the law of blasting vibration attenuation under single-hole blasting based on a multiple linear regression method [10] . Many experts and scholars have used genetic algorithms [11] [12] [13] [14] [15] , artificial neural networks [16] [17] [18] [19] [20] and other analytical methods to fit the peak particle velocity attenuation equation with high precision. Based on the dimensional analysis method, Hai Tang and other experts arrived at the peak particle velocity calculation equation for step topography [21] . It is as follows:
where k 1 denotes the field coefficient, k 2 denotes the influence coefficient of the convex geomorphology such as the slope, β 1 denotes the attenuation coefficient, Q denotes the charge of the explosive, R denotes the blasting distance, H denotes the elevation, and V denotes the peak particle velocity.
At present, the equation for calculating the peak particle velocity in step topography is mainly based on Eq. (1). However, the reflection coefficient of the stress wave at the free interface is not considered in this equation. Thus, it is more accurate when using it to calculate the peak particle velocity in the positive direction of the explosion zone, when the reflection coefficient does not change. The accuracy of the peak particle velocity calculation is decreased in the side direction when the reflection coefficient changes. The reflection coefficient of the stress wave at the free interface is calculated according to the propagation law of the stress wave. The principle of the above phenomena was analyzed in this study. The application range of Eq. (1) is proposed in this paper, as well as a new method for calculating the peak particle velocity in step topography.
Reflection of Plane Waves on Free Interface
Create a coordinate system as shown in Figure 1 . The free interface is represented by X 3 = 0. The elastic properties of the rock mass in the half-space are known and the longitudinal and shear wave velocities are known, which are denoted by α and β. The influence of the atmospheric pressure above the free interface is ignored. Without loss of generality, it is assumed that the incident wave is a simple harmonic plane P wave, which incidents at an angle i P to the free interface [22, 23] :
A 1 ，W P1 ，i P are known as constants. The total displacement field ( , ) u r t that meets the following equation will be calculated. According to the previous analysis, the potential function can be used to convert the problem of the solution of two scalar functions (φ and ψ 2 ). Using the semi-inverse method, according to the physical properties of the problem, a number of unknowns can be theorized so that the problem is greatly simplified and then the remaining unknowns can be set by the equation and edge conditions. First, it can be theorized that there is a reflection of the simple harmonic plane wave. At the same time, according to the principle of symmetry, nothing happens to the X 2 . So we get the following form solution: S2 , λ and μ, which are all constants. Only x 1 and t are variables. Because the edge conditions for any x 1 and t are established, we have:
, r S = arcsin(β sin i P /α) are known, the form solution is further simplified as: 
According to the relationship between the displacement and the displacement function, the displacement reflection coefficient can also be given: 
With the same mathematical method it is possible to solve the problem of the plane SV wave and the plane SH wave travel to the free surface. In particular when the plane SH wave incidents to the free surface, whose displacement reflection coefficient always satisfies f HH' =1. Similarly, the reflection coefficient of the SV wave to the free surface is as follows: 
Numerical Simulation Analysis
Model Establishment
Based on the actual slope of the Sanyou Mine in Tangshan, China, the calculation model is structured as shown in Figure 2 The propagation velocity of the blasting stress wave can be affected by the initial stress, but the propagation direction cannot be affected by the initial stress. In this paper, the peak particle velocity under different incidence angles is discussed. The incidence angle is mainly affected by the propagation direction, so there is no need to consider the initial stress. In the geological survey no large-scale stratification was found in the study area and the rock slope integrity is better than others. Hence it was assumed that the model material is a continuous, homogeneous, non-initial stress and isotropic elastoplastic material in the simulation process. The specific mechanical parameters of the material are shown in Table 1 . The corresponding longitudinal wave velocity and shear wave velocity are 4297 m/s and 2281 m/s. The remaining surfaces of the model are non-reflective boundaries except for the step surfaces. 
Analysis of Data

Calculation of Reflection Coefficient
The whole slope surface is a reflecting surface. The reflection coefficient of the P wave at the free interface can be calculated by Eq. (16) . The relationship between the incident angle and the reflection coefficient of the P-wave reflecting P-wave is shown in the Figure 3 . The relationship between the incident angle and the reflection coefficient of the P-wave reflecting SV-wave is shown in Figure 4 . Figure 5 is a superposition of Figure 3 and Figure 4 . The negative sign indicates the direction. The reflection coefficient of the SV wave at the free interface can be calculated by Eq. (17) . The relationship between the incident angle and the reflection coefficient of the SV-wave reflecting SV-wave is shown in the Figure 6 . The relationship between the incident angle and the reflection coefficient of the SV-wave reflecting P-wave is shown in Figure 7 . Figure 8 is a superposition of Figures 6 and 7 . The negative sign indicates the direction. Figure 9 shows the reflection superposition coefficient of the P-wave and Figure  10 shows the reflection superposition coefficient of the SV-wave. According to the measuring point arrangement in Figure 14 , the velocity diagram of each step is shown as Figure 11 . The response points of the measure points in Figure 14 are shown in Figures 9 and 10 . When the stress wave propagates at the free interface there will be reflections on the free surface. Moreover, the reflection coefficient is directly related to the peak particle velocity. Figures 5 and 8 show that the reflection coefficient first increases and then decreases with the incident angle decreasing within a certain range (the negative sign of the reflection coefficient indicates the direction). The incident angle of the stress waves of the measuring points of each step in Figure 11 is shown in Table 2 . The reflection coefficients corresponding to the angles in Table 2 gradually increase or increase first and then decrease. As a result, the PPV of the measuring points in Figure 11 gradually increases or increases first and then decreases. However, increasing the distance results in a decrease in the PPV. When the increase of the PPV caused by the change reflection coefficient is larger than the decrease of the PPV caused by the increase of the distance, the phenomenon of the PPV increasing as shown in Figure 11 will appear. In the opposite case, the phenomenon that the PPV decreases in Figure 11 will appear.
Calculation of Peak Particle Velocity
Fitting calculation of peak particle velocity in step topography
The measuring points are shown in Figure 12 . The test point number follows 1-18 from bottom to top. The corresponding blasting data for each measuring point are shown in Table 3 . The blasting data of the numerical simulation were fitted with Eq. (18) . The fitting scatter plot of Eq. (18) is shown in Figure 13 . The average error of the calculated result is 15.70%. The error is calculated by:
The average error is calculated by:
The measuring points are shown in Figure 14 . The measuring point number follow 1-13 from right to left. The blasting data at the measuring points are shown in Table 4 . The above data were fitted and analyzed, and the equation for calculating the peak particle velocity is shown in Eq. (19) . The fitting scatter plot of Eq. (19) is shown in Figure 15 . The calculation result of the Eq. (19) and the error are shown in Table 5 . The average error of the calculated result was 32.12%. Comparing Eq. (18) with the Eq. (19), the fitting accuracy is high in the positive direction of the explosion area. However, it is greatly reduced in the side direction. The average error increased from 15.70% to 32.12%. This is because during the process of the stress waves propagating to the side direction of the step, the incident angle constantly changes, which causes changes of the stress wave reflection coefficient. Therefore, Eq. (1) is more accurate in the positive direction of the explosion zone.
Gaussian fitting calculation
The Gaussian function (G i (x)=A i exp[(x-B i )^2/C i^2 )]) is applied to fit the data. There are many similarities between Gaussian fitting and polynomial fitting, but there are also some significant differences. Polynomial fitting uses a power function system, while Gaussian fitting uses a Gaussian function system. The Gaussian method makes the calculation of the integral process easy and quick, which is its biggest advantage. We can get the fitting Gaussian function related to the measured data [24] [25] [26] [27] [28] [29] . The data in Table 3 were fitted by the Gaussian function and the results are shown as Table 6 . The above data were fitted and analyzed, and the equation for calculating the peak particle velocity is shown in Eq. (20) .
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The fitting scatter plot of Eq. (20) is shown in Figure 16 . The average error of Gaussian fitting was 21.06%. (20) is high and the average error was 21.06%.
Experiment Analysis
As shown in Figure 17 , three steps in the open pit were selected. There were five measuring points. The height of each of the steps was 24 m, the step width was about 8 m, and the slope angle was about 70°. The blasting data records for each measuring point are shown in Table 7 . The data were fitted and analyzed, and the equation for calculating the peak particle velocity is Eq. (21) . The fitting scatter plot of Eq. (21) is shown in Figure 18 . 
The average error of the calculated peak particle velocity was 15.11%. As shown in Figure 19 , there were six measuring points on the step. The distance between two points was 35 m. Point 1 was in the positive direction of explosion area. The height of the step was 24 m and its width was about 8 m, while the slope angle was about 70°. The blasting data records for each measuring point are shown in Table 8 . The data were fitted and analyzed, and the equation for calculating the peak particle velocity is Eq. (22) . The fitting scatter plot of Eq. (22) is shown in Figure 20 . 
The average error of the calculated peak particle velocity was 34.3%. Comparing Eq. (21) with Eq. (22), the fitting accuracy was of Eq. (21) was high in the positive direction of the explosion area. However, the accuracy of the fitting was significantly reduced and the average error increased from 15.11% to 34.3% in the side direction. The above data were fitted and analyzed by the Gaussian function, and the equation for calculating the peak particle velocity was Eq. (23). The fitting scatter plot of Eq. (23) is shown in Figure 21 . [ ] The average error of the calculated peak particle velocity was 24.43%. Comparing Eq. (22) with Eq.(23), the average error of Eq. (22) was high, and the average error was 34.3%. However, the average error of Eq. (23) was low and the average error was 24.43%. The experimental results were the same as the simulation results, and the accuracy of the analysis was verified. The peak particle velocity is affected by many factors. This still requires further research. Although there were still some large errors (larger than 20%), the accuracy of calculating the peak particle velocity with the new method is greatly improved.
Conclusion
In this study, a 3D finite element analysis and a series of field-testing experiments was done to determine the effect of the reflection coefficient on the peak particle velocity. Based on the calculation of the reflection coefficient of the plane wave at the free interface, the variation law of the reflection coefficient under the changing incident angle was obtained. Based on this, the principle of the changing peak particle velocity in step topography was explained. There are different trends in the peak particle velocity because of the varying reflection coefficient. At present, the reflection coefficient of the stress wave at the free interface is not considered by the equation for calculating the peak particle velocity in step topography. Therefore it is more accurate when using it to calculate the peak particle velocity in the positive direction of the explosion zone when the reflection coefficient does not change, but the accuracy of the peak particle velocity calculation decreases in the side direction when the reflection coefficient changes. Therefore, under the premise of considering the varying reflection coefficient, a new equation for calculating the peak particle velocity in step topography was proposed based on the numerical simulation analysis and field-testing experiments. It can be used to get an accurate peak particle velocity in different directions in step topography, so the slopes of the Sanyou Mine in Tangshan, China and the surrounding structures can be better protected in the future. It also can be applied to other mines in a similar situation.
